The aim of this study was to demonstrate, and to characterize by high-resolution mass spectrometry that it is possible to preferentially induce covalent cross-links in peptides by using high-energy femtosecond ultraviolet (UV) laser pulses. The cross-link is readily formed only when aromatic amino acids are present in the peptide sequence. METHODS: Three peptides, xenopsin, angiotensin I, and interleukin, individually or in combination, were exposed to highenergy femtosecond UV laser pulses, either alone or in the presence of spin trapping molecules, the reaction products being characterized by high resolution mass spectrometry. RESULTS: High-resolution mass spectrometry and spin trapping strategies showed that cross-linking occurs readily, proceeds via a radical mechanism, and is the highly dominant reaction, proceeding without causing significant photodamage in the investigated range of experimental parameters. CONCLUSIONS: High-energy femtosecond UV laser pulses can be used to induce covalent cross-links between aromatic amino acids in peptides, overcoming photo-oxidation processes, that predominate as the mean laser pulse intensity approaches illumination conditions achievable with conventional UV light sources.
Cross-linking (CL) with pulsed ultraviolet (UV) lasers has been heralded as a revolutionary technique to increase the photochemical yield of protein-nucleic acid CL by one to two orders of magnitude, [1] [2] [3] [4] [5] [6] [7] [8] [9] and to significantly reduce the timescale of the reaction. Protein-DNA photochemical CL reactions proceed in two distinct steps: [10, 11] (i) biphotonic UV light absorption and excitation of the DNA bases, in the ns-, ps-or even fs-time scale, and (ii) CL with proteins interacting with the DNA excited site and therefore lying nearby (zero-length CL), which is completed in less than 1 ms. [12] Because conformational transitions of biomolecular complexes usually require more than 100 ms, a ns or ps UV laser pulse can freeze protein-DNA interactions in real time. The exploitation of UV laser-induced CL has allowed investigators to take snapshots at various steps during the assembly of the protein-DNA complexes. [13] These studies place great emphasis on the nucleic acid side, neglecting the possibility that proteins could also be susceptible to photo-excitation by exposure to a UV laser and that CLs could be generated in proteins. In contrast to nucleic acidprotein cross-linking, peptide-peptide and, more generally, protein-protein cross-linking mediated by laser UV light has not been reported in the scientific literature to the best of our knowledge. Typically, photo-cross-linking is induced between proteins by replacing some amino acids (e.g. leucine and methionine) with their photo-sensitive analogs, which contain photo-sensitive diazirine rings, or by the addition of external reagents, [14] [15] [16] [17] [18] or it is considered as a side reaction that follows the exposure of peptides and proteins to reactive oxygen species, namely singlet oxygen 1 
O 2 or hydroxyl radicals HO
• on an amino acid side chain. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] We have addressed the feasibility of peptide-peptide photo-cross-linking without any external intervention other than the absorption of UV light, as a way of studying transient interactions between proteins in their most native biological background.
The working hypothesis is that, upon absorption of UV light, the side chains of aromatic amino acids produce radicals that are able to react and generate covalent bonds with nearby residue(s). A UV femtosecond pulsed laser source was chosen from three different types of UV sources: cw-lamps, nanosecond, and femtosecond pulsed lasers, because of its capability to deliver higher radiation doses in shorter irradiation times, while transferring a smaller amount of heat to the irradiated target, thus inducing only minor damage to the biomolecule of interest (see, for instance, Middleton et al. [30] ). The experiments reported herein provide proof of concept that it is possible to introduce covalent cross-links in peptides by ultrashort UV laser pulses (i) without any incorporation of unnatural aminoacids, reagents, (ii) within seconds or even less, (iii) with high efficiency, and (iv) only with the presence of aromatic side chains. We have demonstrated that cross-links are readily formed and proceed via a radical mechanism without extensive photo-damage to the peptides.
EXPERIMENTAL
Xenopsin, angiotensin I, interleukin, Glu-1-fibrinopeptide B, 5,5-dimethyl-1-pyrroline N-oxide (DMPO), 2-methyl-2-nitrosopropane (MNP), L-ascorbic acid, matrix-assisted laser desorption/ionization (MALDI) matrix a-cyano-4-hydroxycinnamic acid, and ammonium bicarbonate (AMBIC) were purchased from Sigma (St. Louis, MO, USA). Trifluoroacetic acid (TFA) and acetonitrile (ACN) were HPLC grade solvents obtained from Carlo Erba Reagenti SPA (Arese, Italy), and the other solvents were from Baker (Mallinckrodt Baker, Milan, Italy). The molecular weight standards for the calibration of the Voyager-DE STR system were calibration mixture 1 and calibration mixture 2 purchased from AB Sciex (Framingham, MA, USA).
UV laser peptide-peptide cross-linking.
To induce the cross-link we used a powerful source of UV radiation, a custom-made version of the PHAROS laser system (Light Conversion Ltd., Vilnius, Lithuania) which is a very compact femtosecond amplified laser source -a single-unit integrated system, combining up-to-millijoule pulse energies and high average output power. This system, based on the new Yb:KGW lasing medium and on a very compact Chirped Pulse Amplification scheme, emits 1.3 mJ, 170 fs pulses, centred at 1030 nm, at a repetition rate of 2 kHz, corresponding to an average power of 2.5-2.6 W. The repetition rate can be increased up to 200 kHz, where the average output power reaches nearly 7 W. The IR pulse is then frequency up-converted into a harmonic generator stage (HIRO) where II (515 nm), III (343 nm), and VI (257 nm) harmonic pulses, lasting about 130 fs, are obtained. The system is equipped with a sophisticated pulse picker which allows one to separately select any possible repetition rate, from single-shot to 200 kHz.
Standard peptides (10 nmol of angiotensin I, xenopsin, interleukin), individually or mixed together, were dissolved in 6 mL of ammonium bicarbonate buffer (10 mM pH 7.0) and irradiated with a laser energy of 110 mJ/pulse, at a frequency of 2 kHz and a carrier l of 257 nm, at room temperature for different time intervals from 0.01 s to 3 min. The reaction was stopped by adding 4 mL of ascorbic acid to achieve a final concentration of 20 mM, dissolved in the same buffer, immediately before use.
The same conditions were used to irradiate the individual peptides in the presence of 5,5-dimethyl-1-pyrroline Noxide (DMPO) (100 mM) or 2-methyl-2-nitrosopropane (MNP) (10 mM). Sample concentration and desalting were performed using C18 reversed-phase ZipTip ™ pipette tips (Millipore Corp., Billerica, MA USA). The peptides were eluted with 20 mL of a solution containing 50% ACN, 0.5% formic acid in Milli-Q water at a final concentration of 25 mM.
Maldi-time-of flight mass spectrometry (tof ms) analysis MALDI-TOF mass spectra were recorded in positive ion mode using a Voyager STR instrument (Applied Biosystems, San Jose, CA, USA) equipped with a nitrogen laser (337 nm, 3 ns pulse width). The analytes were mixed (1:1, v/v) with a 10 mg/mL solution of a-cyanohydroxycinnamic acid in ACN/50 mM citrate buffer (7:3, v/v); for each analysis, 2 mL of this mixture was applied to the metallic sample plate and dried at room temperature. The acceleration and reflector conditions were set as follows: target voltage at 20 kV, grid voltage at 66% of the target voltage, and delayed extraction at 150 ns, to obtain the best signal-to-noise ratios and the best possible isotopic resolution. Mass calibration was performed using external peptide standards purchased from Applied Biosystems. Raw data were analyzed as monoisotopic masses, using the software provided by the manufacturer.
For semiquantitative measurements of the cross-linked peptides, a reference peptide, Glu-1-fibrinopeptide B, EGVNDNEEGFFSAR ([M Glu + H] + m/z 1570.7), was added to the matrix in a concentration (10 mM) that yielded peak intensities of the order of those observed for the abundant analytes. The addition of a reference peptide, whose signal does not overlap with those of the peptides contained in the samples, allows correction for crystallization variability inherent to MALDI sample preparations. [31] Moreover, to average out microheterogeneity in the matrix crystals, the spectra were automatically acquired using uniformly random laser shot pattern with fixed intensity from all over the crystal rim of the matrix-analyte preparation (25 spectra per sample, 200 shots/spectrum).
Tandem mass spectrometry (MS/MS) analysis
The cross-linked products were analyzed in both MS and MS/MS modes by high-resolution mass spectrometry using a hybrid quadrupole-hexapole/Fourier transform ion cyclotron resonance mass spectrometer (Qh/FTICR (SolariX)) equipped with a 12-T actively shielded magnet (Bruker Daltonics, Billerica, MA, USA). This instrument, equipped with a nano-spray source, was operated in positive ion mode. The high voltage used for ionization was between 1000 and 1500 V and nitrogen was used as a counter-current drying gas with its temperature maintained at 180 C. To record the spectra, an electron capture dissociation (ECD) current of 1.6 A, an ECD bias of 1.5 V and an electron pulse length of 0.07 s were employed. For collision-induced dissociation (CID) spectra, the collision voltage was set between 8 and 15 V. The collision gas was argon at a pressure of 6 Â 10 -6 mbar. In the electron transfer dissociation (ETD) mode, radical negative ions of fluoranthene, produced in the chemical ionization (CI) source of the SolariX mass spectrometer, were used as the reagent ions. During the ETD experiments, the crucible was heated to about 60 C to sublimate the fluoranthene. The fluoranthene vapor then passed into the CI chamber where it was ionized via chemical ionization with methane. The methane tank was connected to the CI source with stainless steel tubing. Negatively charged fluoranthene ions were extracted from the CI source via a set of lenses. The filament was operated with a current of 3 mA. The acceleration time for the reagent was 50-100 ms and the reaction time was 20 ms.
Mass spectra were acquired in the positive-ion mode over the range m/z 200-2000 at a mass resolution of 60 000 at m/z 400. The mass accuracy was under 1 ppm. Compass Data analysis software (Bruker Daltonics) was used for data analysis; peptide sequencing and cross-linking site assignments were conducted manually employing a AE1 ppm error limit on the product ions.
RESULTS AND DISCUSSION
Three peptides, xenopsin (pyroEGKRPWIL), angiotensin I (DRVYIHPFHL), and interleukin (VQGEESNDK), alone or in combination, were exposed to the UV laser under various irradiation conditions. The first two peptides were selected because they contain one or more aromatic amino acids, whereas interleukin was included because it is devoid of aromatic moieties. Moreover, all of them fall within a molecular weight range adequate to allow direct MS and MS/MS analyses, even when cross-linked, without further manipulation of the sample. The laser setups were inspired by Fecko et al., [32] who studied CL in vitro between oligonucleotides and proteins with a femtosecond laser system, although with a much higher repetition rate and lower-energy pulses than those used in our experiments. Our laser system allowed us to span the pulse energy in the range 10-160 mJ and laser pulse repetition rate in the range 30-200 kHz, the irradiation time being only a fraction of a second in some cases. The sample solution was introduced as 6-mL drops with peptide concentrations ranging from 0.5 to 5 mM. Figure 1 presents the MALDI-TOF mass spectrum of a mixture of xenopsin, interleukin and angiotensin (1.6 mM each) before exposure to the laser ( Fig. 1(a) ), and after exposure of the mixture to UV laser pulses of 110 mJ for 10 s at a repetition rate of 2 kHz ( Fig. 1(b) ). The three signals in the spectrum in Fig. 1(a) + . Signals that can be ascribed to modified products resulting from oxidation of the peptides can be also observed in Fig. 1(b) .
It should be noted that interleukin (that has no aromatic residue) does not appear to be involved in any of the species generated upon UV exposure. Each of the three peptides was separately exposed to the UV laser (see Fig. 6 as an example for xenopsin, and Supplementary Figs. S1 and S2 in the Supporting Information for angiotensin and interleukin, respectively), and the results confirmed that only peptides containing an aromatic side chain generated multimeric species upon exposure to UV laser light, thereby demonstrating that the CL reaction requires the presence of aromatic amino acids. These results suggest a reaction mechanism that is triggered by exposure to UV laser light and generates a CL of two aromatic ring centered radicals, analogous to the formation of bis-tyrosine and adducts of two tryptophans as observed in oxidative processes. [27, 28, 33] The systematic loss of 2 Da, with respect to the sum of the molecular masses of the two peptides, was observed, suggesting that two hydrogen atoms are lost in the formation of the cross-link, and this assignment was confirmed by high-resolution accurate mass measurements: the mass difference was within 1 ppm of 2.015650, the accurate mass of 2H.
MS/MS spectra of the dimeric species generated upon irradiation with UV laser pulses were obtained on the SolariX 12-T FTICR mass spectrometer in collision-induced dissociation (CID), electron capture dissociation (ECD) and electron transfer dissociation (ETD) fragmentation modes. Supplementary Fig. S4 , Supporting Information), that had been tentatively assigned to the homodimer of xenopsin and the heterodimer of angiotensin I-xenopsin, respectively. Cleavage products originating from both peptide chains can be assigned, and The fragmentation observed in the low-energy CID spectrum of the homodimer (Fig. 2(a) ) is dominated by ions corresponding to a-, b-and y-ions whereas, as expected, c-and z•-ion series dominate the corresponding ECD spectrum (Fig. 2(b) ). In addition to short z-and a-, b-, c-ion ions tentatively assigned to the heterodimer of angiotensin I (a-chain) and xenopsin (b-chain). The MS/MS spectra of the quadruply charged ion at m/z 569.3127 consist of dominant b-and y-series ions for the CID spectrum ( Fig. 3(a) ) while c,z-series ions dominate the ECD MS/MS spectrum ( Fig. 3(b) ) generated from the ion m/z 569.3131, as detailed in Supplementary Tables S3 and S4 spectrum and one in the ECD spectrum. To check whether this phenomenon was due to the existence of another cross-linking radical site, we attempted to assign these few product ions in the CID and ECD spectra by considering other radical sites. No ions in the MS/MS spectra could be assigned as having been formed from a differently cross-linked peptide. Moreover, the cross-link-free product ions were formed when the CID mode was employed, whereas the occurrence of such ions was minimal in the ECD spectra; it has been widely established that ECD is a more gentle activation mode than CID. Thus, we suggest that the formation of some low-abundance cross-link-free product ions results from a competition between cleavages of the cross-link and cleavage along the peptide backbone, indicating that the relative stability of the cross-link is comparable with that of the bonds along the peptide backbone. ETD (spectra not shown) confirmed this view by leading to assignments similar to those from ECD.
To test the hypothesis that UV-induced CL is a radical reaction, exposure to the laser was carried out in the presence of spin trap molecules. Spin traps are often used to allow the visualization of transient free radical populations by reacting with short-lived radicals to produce persistent spin adduct radicals that can be studied by electron paramagnetic resonance (EPR) [34, 35] or MS since the spin trap molecules covalently label the radical site in the molecule. [36] [37] [38] [39] [40] [41] Therefore, the peptides were exposed to the UV laser as described above, for either 10 s or 1 min, but in the presence of either DMPO or MNP.
MALDI-TOF MS analysis of xenopsin irradiated in the presence of 10 mM DMPO (Fig. 4(b) Fig. S5 , Supporting Information) further confirms the interpretation, showing several internal product ions bearing the DMPO moiety. Similar analyses were performed for the same peptide irradiated in the presence of 10 mM MNP (see Supplementary  Fig. S6, Supporting Information, and relative comments) .
The interpretation of these data was severely complicated by a significant loss of DMPO and MNP molecules during fragmentation. Possibly the bond between DMPO or MNP and the residue in the peptide is weak and thus susceptible to facile cleavage during MS/MS. To determine the adduct sites, we used CID, ETD and ECD activation modes. The ETD and ECD activation modes are both gentler than CID activation. In the ECD and ETD spectra, the most abundant product ions preserved the spin trap moieties, and a loss of MNP or DMPO could be observed only for a few, usually less abundant, product ions.
The product ions assigned in the CID spectra are indicated in red on the peptide sequence in the ETD or ECD spectra. We can still observe several ions bearing MNP or DMPO although some significant product ions can be attributed to losses of MNP or DMPO. This has been already reported in other cases, [36, 42] and interpreted as a cleavage competition between the covalent bond with the spin trap on the side chain and the peptide backbone. Nevertheless, the presence of product ions that retained the DMPO moiety allowed us to suggest the assignment of the DMPO and MNP linkages to the Trp-6 residue of xenopsin, as also validated in the ECD analysis ( Supplementary Fig. S5, Supporting Information) .
The same experiments with angiotensin I and DMPO and MNP (see SupplementaryFigs. S7 and S8, Supporting Information) suggest DMPO and MNP linkages to the Tyr-4 residue of angiotensin I.
CL has already been reported as a possible type of UVinduced damage in polypeptides. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] It is, however, important to stress that all the photochemical reactions previously described are reported to follow upon the initial addition of singlet oxygen 1 O 2 or hydroxyl radical HO
• to an amino acid side chain. The intermediates then undergo a variety of further reactions which can result in radical formation and ringopening reactions, including cross-links in proteins.
We then considered comparing the results obtained with our femtosecond laser source with those recorded after exposure of the samples to conventional UV light sources such as a UV lamp. Releasing the same dose (0.5 J) to the target with a typical UV lamp would, however, have taken a very long time, between several hours and 2 days of irradiation, and such a long time would have resulted in deterioration of our sample (even evaporation would no longer be non-negligible). Therefore, we compared our result with those obtained with the femtosecond laser system operated under very different conditions, to make it as close as possible to a standard UV cw-lamp. Xenopsin was exposed to UV light at reduced pulse intensity while extending the exposure time, so as to keep the same total energy amount (0.5 J): thus, the comparison was carried out under the two conditions 6 Â 10 2 mW cm -2 and 1.3 Â 10 6 mW cm -2 for 58 min (0.75 Â 10 -3 mJ/pulse, 200 kHz repetition rate) and 1.56 s (160 mJ/pulse, 2 kHz repetition rate). The former are the conditions employed for the result shown in Fig. 6(c) , where the same dose was released as in Fig. 6(b) , but with laser nano-pulses (carrying very low energy), delivered in a much larger number and for a much longer irradiation time than in the experiment shown in Fig. 6(b) .
For the low-energy/pulse sample (Fig. 6(c) ), ions arising from side-chain photo-oxidation are the main components of the mass spectrum. The most abundant ion corresponds to the addition of one oxygen atom, probably due to the formation of hydroxytryptophan (M x + O, Δ +16 Da), in agreement with data reported by Grosvenor et al., [19] where a mean intensity of the order of few mW cm -2 was used. The signal at m/z 1012.5 (M x + 2O, Δ +32 m/z units) can be accordingly attributed to N-formylkynurenine (NFK)/ dihydroxytryptophan. Further signals that can be ascribed to some hydroxyformylkynurenine (M + 3O, Δ +48 Da) can also be detected, as well as a minor dimeric species. In the MS analysis of the high-energy/pulse sample ( Fig. 6(b) ), the main reaction product is the dimeric form of the peptide (2M -2H, Δ -2 Da) without notable increase in the signals of the photo-oxidation products with respect to the reference, non-irradiated sample (Fig. 6(a) ).
Moreover, when using the high pulse energy irradiation, no notable difference was observed in the mass spectra of xenopsin samples, analyzed immediately or left in the open air for 58 min after irradiation (see Supplementary Figs. and S10 Supporting Information). This suggests that the oxidation products detected in the low-energy/pulse sample are a consequence of exposure to the UV laser. Figure 7 reports examples of a semi-quantitative analysis of the yield of cross-linking as a function of the exposure time. Xenopsin was irradiated with a UV laser (2 kHz, 160 mJ/pulse) for different exposure times starting from 0.01 s and analyzed by MALDI-TOF, with the introduction of a reference peptide (Glu-1-fibrinopeptide B, [M Glu + H] + m/z 1570.6) in the matrix to provide a semi-quantitative evaluation of the yield of CL. [31] Even in the high-energy/pulse regime, some photoxidation products could be observed, and these increased upon increasing the exposure time. However, some consistent cross-linking was achieved with exposure times as low as 0.01 s (corresponding to only 20 laser pulses) and CL was consistently the predominant reaction.
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These results suggest that a conventional UV cw-lamp would probably fail to induce the consistent amount of peptide-peptide cross-linking, observed with the irradiation conditions of Fig. 6(b) , typical of femtosecond laser sources. As a consequence, we can also conclude that the key parameter in obtaining the observed cross-linking is the peak power of the delivered laser pulses rather than the integrated dose of radiation energy, indicating a possible nonlinear excitation mechanism of the involved molecules at a microscopic level, that will be addressed in forthcoming studies.
CONCLUSIONS
We have demonstrated herein that, upon exposure to pulsed UV laser light of wavelength near 260 nm, a 'zero-length' covalent bond between the aromatic side chains of amino acids in different peptide molecules can be formed with good efficiency on an extremely rapid time scale, probably in the pico-or even femtosecond range. We have determined that photochemical CL is by far the predominant reaction, and that it requires the light intensity that can be generated with pulsed laser sources since, as the average laser intensity is reduced, down to that of conventional UV lamps, photodamage is observed, similar to damage occurring with conventional UV light sources. [20] [21] [22] [23] [24] [25] [26] [27] [28] We defined a molecular basis for the exploitation of UVpulsed laser sources as a powerful CL agent, that would certainly have a strong impact on the possibility of studying transient interactions among proteins, and the dynamics of the contacts within multi-protein complexes, and to discover transient interactions which have so far escaped observation in 'molecular sociology of the cell' studies. [43] Although a demonstration that our initial observations of efficient crosslinks generated between aromatic amino acids in peptides can be extended to proteins, to freeze biologically significant interactions, will demand further experiments, the results presented here offer the first indications of the feasibility of the development of such an approach.
The extremely fast kinetics of the reactions, the almost instantaneous diffusion of light within the cell, and the absence of exogenous chemical reactants, suggest that, once established, UV laser CL will represent an innovative and important tool well tailored for in vivo applications.
SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article.
